I. INTRODUCTION
M ICRO-ELECTRODE arrays (MEAs) are widely employed to monitor and stimulate in vitro and in vivo biological systems composed of electrically active cells, e.g., neurons or cardiomyocytes [1] - [5] . In order to analyze these complex systems with a sufficiently high spatial resolution, the electrodes need to have a relatively small geometric surface area (GSA). However, while the storage charge capacity of the electrode is proportional to the GSA, the overall electrochemical impedance reduces, resulting in a high noise levels when subcellular scale electrodes are used. Moreover, during high current density stimulation small electrodes can experience electrochemical instabilities that can result in device and tissue damage [6] . Electrode materials can be divided into Faradaic or capacitive depending on the reactions at the electrode-electrolyte interface. By coating the electrode with Faradaic materials, e.g. activated iridium oxide films (AIROF) [7] or sputtered iridium oxide [8] , high levels of charge injection per unit area at the electrode-electrolyte interface can be obtained which improves the electrodes electrochemical performance. The main disadvantage of these materials is that cell monitoring and stimulation are based on redox reactions at the electrodeelectrolyte interface. These are usually undesirable, since they imply the creation and consumption of chemical species which could eventually affect the cell culture [9] .
Capacitive coatings are a more suitable option for applications involving cell activity monitoring. Unlike Faradaic materials, the charge injection of these coatings is based on ion displacement on top of the electric double layer found at the electrode-electrolyte interface. However, to provide the same charge injection capacity as Faradaic reactions, capacitive coatings need to have a porous micro-pattern which increases the specific surface area (SSA) of the electrode. Examples of these type of coatings are fractal Titanium Nitride (TiN) and carbon nanotubes (CNTs) [9] . Previous work [6] has shown how CNT coatings can drastically improve the SNR of the recorded cell potential by increasing double-layer charge capacity as a consequence of their high SSA/GSA ratio. Furthermore, CNTs provide additional advantages such as high mechanical and electrical stability [10] , good electrical conductance [10] , and stable cell-electrode coupling [11] .
However, CNTs cannot be easily grown on surfaces made of common biocompatible polymers like PDMS etc., due to the high thermal budget required for their synthetization. For this reason, standard CNT MEAs are usually fabricated on rigid supports, e.g. Silicon (Si) wafers. Consequently, CNT MEAs cannot be employed in applications like brain stimulators [6] and Organ-on-Chips devices [12] , where the MEA needs to be integrated on a stretchable or a flexible surface.
This problem has been overcome by first growing and patterning the CNT electrodes on a rigid Si substrate, and then transferring them onto a flexible/stretchable polymer film, followed by a partial isolation with a second film [13] . However, this process contains intensive manual procedures that may drastically reduce the device yield.
This work reports a novel fabrication process to embed CNT MEAs in polymer membranes, in which no manual assembly and sample handling are required. Like in [13] , the polymer membrane is deposited after CNT growth, however, in our case the electrodes are released by etching the support Si wafer from the backside rather than peeling off the membrane. Fig. 1 shows a schematic rendering of the final device, called the upside-down CNT MEA. The concept is validated with the fabrication and the complete characterisation of a prototype upside-down CNT MEA embedded on the backside of a rigid membrane.
II. MEA MICRO-FABRICATION
In this work, besides the upside-down CNT MEA, two other benchmark MEAs were fabricated: a standard TiN MEA and a standard CNT MEA. In all cases the devices were fabricated starting with 100 mm-diameter polished monocrystalline silicon (Si) wafers (525 μm thickness).
A. Upside-Down CNT MEA
The upside-down CNT MEA consists of a 12 μm thick membrane provided with CNT based electrodes ( Fig. 1 a-b) . The electrodes are connected to Aluminum (Al) interconnects embedded in the membrane. The processing starts by growing 2 μm of thermal oxide. Then a layer stack consisting of 5 nm of Titanium (Ti), 50 nm of Titanium Nitride (TiN) and 100 nm of Ti is sputter deposited (Fig. 2 a) . The purpose of the Ti bottom layer is to improve the adhesion between the TiN and the SiO 2 , while the TiN layer acts as support layer for the CNT growth.
On top of the Ti/TiN/Ti stack a 1 μm thick layer of Tetraethyl Orthosilicate (TEOS) is deposited. The TEOS layer is patterned using reactive ion etching (RIE) to define an array of holes with a depth of 1 μm and 12 μm in diameter, landing on the Ti/TiN/Ti disks ( Fig. 2 b) . The top Ti layer prevents the fluorine-chemistry plasma, used to etch the TEOS layer, from entering in contact with the TiN support layer and affecting CNT alignment [14] . The 100 nm Ti layer is subsequently removed by soaking the wafer in a Hydrofluoric acid (HF) solution.
Next, a 5 nm thick layer of Cobalt (Co) is evaporated in the cavities to catalyze the CNT growth (Fig. 2b) . The enclosed CNTs are grown by low-pressure chemical vapor deposition (LPCVD) at 500°C for 38 seconds reaching an height of 1 μm (Fig. 2 c) . The growth temperature is chosen to have both adequate CNT alignment as well as CMOS compatibility. More details can be found in the CNTs characterization section. After growing the CNTs, the CNT tips are covered with a metal lids consisting of 100 nm TiN and 1 μm Al (Fig. 2 d) . The last process sequence is the fabrication of the membrane that embeds the metal lines connecting the CNT electrodes to the contact pads (Fig. 2 e) . This membrane can be either a PDMS-based stretchable membrane [12] , or a rigid membrane consisting of a stack of 2 μm plasma-enhanced CVD (PECVD) Silicon Nitride (Si 3 N 4 ) and 10 μm of PECVD SiO 2 (this work) (Fig. 2 f) . The membrane release process starts by etching through the wafer from the backside by deep reactive-ion etching (DRIE) and landing on the SiO 2 layer, and ends by etching the remaining layer in buffered Hydrofluoric Acid (BHF) (Fig. 2 g) . The TiN disks embedded in the SiO 2 detach from CNT roots during the BHF etching.
B. Standard MEAs
The fabrication of the reference MEA device starts by growing 2 μm of thermal Si O 2 (Fig. 3 a) . Metal lines, contact pads and electrodes are fabricated by deposition and patterning of 100 nm of TiN, 500 nm of Ti and 50 nm of TiN (Fig. 3 b) . The metal lines are isolated with a 1 μm thick TEOS layer, which is subsequently dry etched to open electrodes and contact pads (Fig. 3 c) . This is the last process step of the standard TiN electrodes. The fabrication of the standard CNT MEA continues with the evaporation and patterning of 5 nm of Co and by growing the CNTs (Fig. 3 d-e) . Fig. 4 shows top view scanning electron microscopy (SEM) images of all three types of fabricated MEAs. The BHF etching, performed as the last fabrication step in the upsidedown CNT MEA, provokes a buckling phenomenon of the CNT arrays. Consequently, the GSA of the CNT array is reduced, affecting the final device performance (Fig. 4 c) .
III. CNTs AND MEAs CHARACTERIZATION PROCEDURE
The combination of the barrier and catalyst layers is essential requirement for the growth of vertically aligned carbon nanotubes using LPCVD. The CNT morphology and quality crucially depends on the composition of these two layers. Although different barrier materials and catalyst nanoparticles have been reported in literature [15] , [16] , one of the aims of this work was to maintain CMOS compatibility to allow for wafer-scale integration and transfer of the process to standard foundries. These lead us to combine TiN and Co nanoparticles as barrier and catalyst layers, respectively. In particular, Co guarantees CMOS compatibility due to the lower diffusion coefficient compared to Cu and Fe, while additionally it does not result in deep-level traps in Si.
As mentioned before, the growing of the CNTs was performed by LPCVD in a commercial deposition system (AIXTRON Blackmagic). Briefly, after loading the wafer in the reactor, the entire system is pumped down to <0.1 mbar. 700 sccm of Hydrogen (H 2 ) are then injected into the reactor, while the temperature and pressure are ramped to 500°C and 80 mbar, respectively. This step is followed by a three minutes anneal to pre-heat the chamber to the required deposition temperature. Next 50 sccm of Acetylene (C 2 H 2 ) are added and the CNTs are synthesized on top of the catalyst particles. A more detailed description of the CNT deposition process can be found elsewhere [17] .
A. CNT Quality and Morphology
The morphology and quality of CNT dense arrays are strongly dependent on the deposition temperature. In this work, four different temperatures have been investigated: 350, 400, 500 and 650°C. 350°C is an extremely low temperature for CNT growth by CVD but very attractive from a standpoint of CMOS compatiblity. In fact, the low activation energy of the Co catalyst (0.4-0.43 eV) allows a low temperature process while achieving a sufficient growth rate [17] . To determine the dependence of the growth rate from the process temperature, a sequences of time-progressive images taken at different deposition times are analyzed by SEM. Growth rates of 0.285, 1.977, 30.83, 163 nm/sec for 350, 400, 500 and 650°C, respectively, were achieved.
A widely used technique to assess CNT quality is Raman spectroscopy. The spectral response of all samples, with a spectra coverage of 3550 cm −1 , was recorded through a Renishaw inVia Raman spectroscope with 514 nm laser wavelength. For each sample three Raman spectra were acquired to ensure high measurement accuracy. Moreover, to determine whether the Co nanoparticles are lifted up (tip-growth mechanism) or pinned down (root-growth mechanism), a double temperature growth test has been performed [18] . The first step consists of 2 minutes CNT growth at 500°C; then the second step is performed by increasing the reactor temperature up to 600°C and let the CNT growing for another 2 minutes. 
B. Biocompatibility Assessment
The biocompatibility of the Co-grown CNTs were tested by plating human pluripotent stem cell derived cardiomyocytes on top of the CNT forests. Co-grown CNT samples were sterilized in ethanol and then coated with Matrigel (Invitrogen) to induce cell attachment. Next, the cells were plated and cultured on the CNT samples for 3 days in a C O 2 incubator at 37°. The cells were then fixed using 2% paraformaldehyde for 30 minutes and stained with an anti-alpha-actinin antibody and 4,6-diamidino-2-phenylindole (DAPI) to reveal the sarcomeric structures and cell nucleus, respectively.
C. Electrochemical Tests
The electrochemical performance of all MEAs was characterized by electrochemical impedance spectroscopy (EIS) in a phosphate buffered saline (PBS) solution. In order to perform EIS on both the standard electrodes and the upsidedown devices, plastic cylinders were glued to the surface of the device (Fig. 1 c) . These cylinders were used to contain the PBS solution during electrochemical characterization, and to guarantee complete isolation of the solution from the Raman spectra of CNTs grown on 5 nm Co at four different growth temperatures. To obtain insights about CNT properties like purity and structural quality, the (I D/G ) ratio is calculated. The (I D/G ) ratio decreases as the CNT growth temperature increases. device metal pads. An Ag/AgCl electrode and a platinum strip were used as reference and counter electrode, respectively. The EIS tests were performed with an Autohom Metrolab potentiostat with FRA2 module. The amplitude of potential variations between working and reference electrode was equal to 20 mV. The output current signal has been checked during measurements to detect eventual non-linearities caused by high-amplitude stimulations.
IV. RESULTS AND DISCUSSION

A. CNT Biocompatibility and Quality Assessment
Fig . 5 shows the SEM images of 1 μm long CNTs grown at different temperatures. A careful inspection of the obtained morphologies indicates that CNTs grown at 650°C showed a better alignment compared to the ones synthesized at lower temperatures. However, higher growth temperatures result in less uniformity in height across the CNT forest (Fig. 5 c-d) . CNTs grown at 350°C and 400°C showed a similar morphology. 6 shows the result obtained from the double temperature growth test. As highlighted by the red dotted line, CNTs grown at two different temperature present two distinct phases: the top segment of the CNT forest, grown at 600°C, is well aligned as opposed to the bottom one, grown at lower temperature (500°C). In contrast to what is claimed in [17] , these results demonstrate that the employed catalyst/ support combination implies a tip-growth process. This is probably due to a weak interaction between TiN surface and Co particles. Moreover, the tip-growth mechanisms implies that Co nanoparticles are enclosed in the TiN/Al during the metallization step described in Section II-A. Fig. 7 shows the first and second order bands of Raman spectrum obtained from CNT forests grown at different temperatures. The spectra deconvolution was made with a combination of eight Lorentzian and two Gaussian distributions [17] . The obtained ratio between the amplitudes of the D and G peaks (I D/G ) is equal to 1.11, 1.14, 1.27 and 1.02 for the CNTs grown at 350, 400, 500 and 650°C, respectively. The I D/G ratio of the CNTs grown at 350°C reveals a crystallinity degree comparable to the ones reported in other works [11] , in which the CNT growth temperature was even higher.
With respect to CNT biocompatibility, after three days the stem cell derived cardiomyocytes plated on the CNT electrodes were beating spontaneously, demonstrating their viability and functionality. In Fig. 8 a fluorescent image of the cells on the CNTs is shown. The cells exhibit characteristic striated sarcomeric structures found in functional cardiomyocytes. This demonstrates the short term biocompatibility of CNTs for culturing stem cell derived cardiomyocytes.
B. Electrochemical Characterization Results
The EIS spectra of a representative electrode of the upsidedown CNT MEA are shown in Fig. 9 a and b . The impedance amplitude and phase over the investigated frequency range are compared to the standard TiN electrode. In particular, at 1 kHz the upside-down CNT electrode revealed a marked impedance reduction, one order of magnitude, compared to a flat TiN electrode: 240 k and 2.2 M , respectively (Fig. 9 a) . However, the previously observed CNT buckling phenomenon severely affects the upside-down CNT MEA impedance. In fact, the standard CNT electrodes, which are not affected by buckling, outperform in comparison to the upside-down MEAs. At 1 kHz the unbuckled CNT electrodes have an impedance as low as 87 k . The measured TiN electrodes showed a constant phase behaviour in the investigated frequency range as an ideal smooth capacitive electrode [9] . On the contrary, the standard and the upsidedown CNT electrodes showed a similar curvilinear phase angle trend induced by their porosity. The shift between these two spectra relies on the different GSA as observed by others [1] .
The correlation between CNT buckling and the resulting impedance increase has been further studied by inducing the phenomenon on a CNT standard electrode. The standard CNT MEA was covered with isopropyl alcohol (IPA) for 5 minutes and then rinsed with PBS for 3 times. Fig. 10 a-b show a SEM image of a CNT forest before and after IPA treatment. As shown, IPA causes the same buckling effect induced by BHF. In particular, the impedance amplitude of the CNT electrodes increased from 87 k up to 367.1 k at 1 kHz after IPA treatment, demonstrating that CNT buckling severely affects the electrochemical performance of CNT electrodes. Therefore, to overcome the limitation presented in the upsidedown CNT electrodes it is necessary to prevent or reduce the CNT buckling. A valuable option is to make use of HF vapor etching for the CNT electrode release instead of conventional BHF etching.
The reported impedance values were recorded waiting 30 minutes after immersion in the PBS solution. In fact, during standard CNT MEA characterization a remarkable drop in impedance is observed as time passes: from 160 k right after the PBS immersion to 87 k after 30 minutes. This variation is connected to the wettability transition phenomenon occurring in the CNT forest, called Cassie-Baxter to Wenzel transition [19] .
To verify if a wettability transition occurs on the CNT forest, the hydrophobicity of the Co-grown CNTs was monitored. Data was collected by measuring the contact angle and the contact area of the droplet on top of the CNT forest as a function of time. As shown in Fig. 11 , during water evaporation the contact line remains pinned while the contact angle decreases, proving that the water is penetrating into the CNT forest voids [19] . By taking advantage of this phenomenon, it is possible to reduce the electrochemical impedance of a MEA without any plasma treatment, known to deteriorate CNT conductivity. In fact, the obtained impedance value is in the same order of magnitude of a similar CNT MEA subjected to plasma treatment [6] .
V. CONCLUSION
A novel fabrication process has been presented to embedded CNT microelectrode arrays (MEA) on the backside of a polymer membrane. In contrast to previously reported fabrication schemes, the newly presented procedure completely avoids manual assembly, such as membrane peeling and alignment, and thereby increases device reliability and yield, while at the same time it opens the route towards high-volume production. The fully automated procedure has been tested by fabricating the upside-down CNT MEA on a SiN membrane.
By using EIS, the impedance response of different MEAs was measured. The increase of the electrode surface area with CNTs resulted in an impedance reduction of up to 96% at 1 kHz, compared to standard TiN electrodes. Moreover, the morphology and quality of CNT forests grown at different process temperature were investigated. It can be concluded that CNTs grown at 500°C represent the best compromise between quality, packing density, surface to volume ratio and thermal budget. However, the possibility to lower the temperature to 350°C to make the entire process more CMOS compatible is still a valuable option. Finally, the biocompatibility of the CNT electrodes was assessed by plating human pluripotent stem cell-derived cardiomyocytes.
The upside down CNT fabrication method presented in this paper enables the high-volume production of stretchable MEA devices with low impedance CNT electrodes.
